Sabah has experienced a rapid decline in the extent of forest cover. The precise impact of habitat loss on the conservation status of the plants of Sabah is uncertain. In this study we use the niche modelling algorithm MAXENT to construct preliminary, revised and final ecological niche models for Dipterocarpus lamellatus and Dipterocarpus ochraceus and combined these models with data on current land-use to derive conservation assessments for each species. Preliminary models were based on herbarium data alone. Ground surveys were conducted to evaluate the performance of these preliminary models, and a revised niche model was generated from the combined herbarium and ground survey data. The final model was obtained by constraining the predictions of the revised models by filters. The range overlap between the preliminary and revised models was 0.47 for D. lamellatus and 0.39 for D. ochraceus, suggesting poor agreement between them. There was substantial variation in estimates of habitat loss for D. ochraceus, among the preliminary, revised and constrained models, and this has the potential to lead to incorrect threat assessments. From these estimates of habitat loss, the historic distribution and estimates of population size we determine that both species should be classified as Critically Endangered under IUCN Red List guidelines. Our results suggest that ground-truthing of ecological niche models is essential, especially if the models are being used for conservation decision making.
Introduction
Habitat loss is seen as one of the greatest threats to biodiversity in Borneo, because the annual rate of deforestation in Borneo is amongst the highest in the tropics (Sodhi et al. 2010) . In Sabah, there has rapid decline in the extent of the natural forests, from about 86 percent in 1953 to less than 50 percent currently (McMorrow and Talip 2001; Reynolds et al. 2011 ). This decline is disproportionately high in the lowland coastal forests in the west and north of the state (Maycock et al. 2012) . However, while the decline in forest cover is well documented, the overall impact of this forest loss on the conservation status of the plants of Sabah is largely unknown.
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Target 12 of the Aichi Biodiversity Targets, set as part of the Strategic Plan for Biodiversity 2011-2020, calls for the prevention of the extinction of known threatened species, and an improvement of the conservation status of the most endangered species by the Year 2020 (Secretariat of the Convention on Biological Diversity 2010). The change in the IUCN Red List status is the accepted baseline to measure progress towards meeting this Target. The IUCN Red List of Threatened Species is designed to catalogue and highlight those plants and animals species that are at a high risk of global extinction (IUCN 2012) . The Red List system classifies a species into one of nine categories: Not Evaluated (NE), Data Deficient (DD), Least Concern (LC), Near Threatened (NT), Vulnerable (VU), Endangered (EN), Critically Endangered (CR), Extinct in the Wild (EW) or Extinct (EX). Species that have adequate data and have been evaluated are classified into one of seven threat categories (LC, NT, VU, EN, CR, EW or EX), based on at least one of the five assessment criteria. Further details on these criteria and the threshold values can be found in the Guidelines for Using the IUCN Red List Categories and Criteria (IUCN Standards and Petitions Subcommittee 2011) .
One of the suggested milestones towards meeting Target 12 is a national assessment of the conservation status of all endangered species by the year 2014. Currently less than 5% of the plant species endemic to Sabah have been evaluated for the IUCN Red Lists (IUCN 2012; Maycock unpublished data) . Ninety two percent of the assessments that have been conducted are listed as requiring updating and few of them provide any quantitative data to support the IUCN listing (IUCN 2012) . This lack of quantitative data leads to uncertainty over the accuracy of the existing assessments (Chen 2004) , and is a contributing factor to the lack of emphasis on the conservation of individual plant species in Malaysia (Ministry of Science, Technology and the Environment 1998; Chen 2004).
Sabah faces three distinct challenges in trying to provide quantitative assessment to serve as a baseline to assess progress towards meeting Target 12. First, many plant species have a high degree of habitat specialisation (Ashton 2004) and as a consequence show disjunct distributions. The standard IUCN assessment tools based on estimating range from the extent of occurrence cannot accommodate disjunct distributions (Solano and Feria 2007; Maycock et al. 2012) . Secondly, many of the plant species of highest conservation concern are often known from a single or a small number of collections, many of which were collected prior to the bulk of the forest loss in the State. This low sampling intensity leads to biased estimates of range size and potential habitat loss and can lead to inappropriate categorisation (Golding 2004) . Finally, the high count of species in Sabah (6,000 to 8,000 plant species, including more than 800 species that are endemic), it would be impractical to conduct detailed assessments of all species by the 2014 deadline. Therefore alternative assessment strategies that are cost effective and feasible are needed to inform conservation decision making.
Ecological niche modelling has gained prominence as one possible alternative technique (Solano and Feria 2007; Feeley and Silman 2011a) . This approach generates maps of a species' potential distribution on the basis of a mathematical representation of its distribution in environmental space (Phillips et al. 2006) , and allows for the reconstruction of a species' historic distribution (Maycock et al. 2012) . This species distribution model, coupled with current land-use maps, allows for the rapid assessment of the conservation status of tropical plants. Ecological niche models predict the fundamental niche of a species, which may differ from the realised niche and lead to an over-prediction of a species' distribution (Phillips et al. 2006 ). This over-prediction is usually removed from the final model by the development of suitable filters to constrain the prediction (Martínez-Meyer et al. 2006; Solano and Feria 2007; Lopez-Toledo et al. 2011) . A further problem is that for many plant species, the ecological niche models are derived solely from herbarium collection data (e.g. Raes et al. 2009 ), and these collections may not represent the whole habitat range of a species. Many of these herbarium collections were made prior to the advent of GPS technology and need to be georeferenced post-collection (Beaman and Conn 2003) , and this has the potential to add locational errors into the ecological niche models (Feeley and Silman 2010) . Hence, the field validation of an ecological niche model should be an important step in the model development, particularly if the models are being used for conservation decision making. However, few studies undertake such surveys (Cayuela et al. 2009 ). In this study we used herbarium data to develop preliminary ecological niche models for the Bornean endemic dipterocarps Dipterocarpus lamellatus and Dipterocarpus ochraceus. These models were used to select sites for prospective sampling and ground-truthing of the models. The field survey data were then used to develop second generation ecological niche models and devise filters to constrain the model predictions for each species. We estimated the population size and recruitment success following a major masting event for these two species, and derived conservation assessments based on the estimates of habitat loss, geographic range and the size of the remaining populations.
Materials and Methods

Study species
The two study species selected are of high conservation concern. Dipterocarpus lamellatus is one of the rarest and most endangered of all dipterocarps (Ashton 2004) . It was known from only three confirmed collecting localities, Ladan Hills in Brunei Darussalam, Labuan Island, Malaysia and Beaufort Hills in Sabah, Malaysia (Fig. 1) , with two unconfirmed, and highly unlikely, records from central Kalimantan (P.S. Ashton pers. comm.). The most recent collection of this species in Sabah was from the Beaufort Hills in 1955 and it was considered to be locally extinct in Sabah (Ashton 2004 ). The species is currently classified as critically endangered A1cd+2cd, B1+2c, C1, D on the IUCN Red List (Ashton 1998) , although no quantitative data were provided to support the assessment and the assessment is listed as needing upgrading (IUCN 2012) .
Dipterocarps ochraceus is known from four collection localities in Sabah (Fig. 1) , and from these collections it appears that D. ochraceus is an extremely narrow range endemic restricted to a narrow altitudinal band between 600 and 700 m above sea level (asl) on the ultrabasic and basic volcanic soils of the flanks of Mt Kinabalu (Ashton 2004) . While it has not been assessed for the IUCN Red List, most of the previous collections of D. ochraceus were outside the National Park and most of this habitat has been converted to alternative land-uses.
Development of ecological niche models
Preliminary ecological niche models were generated using MAXENT v. 3.3.1 (www.cs.princeton.edu/-schapire/maxent/, Phillips et al. 2006 ) based on locality data obtained from herbarium specimens. As all of the herbarium specimens were collected in the 1960s, or earlier, and were without geographical coordinates, we assigned coordinates to these collection using the information contained on the specimen label in consultation with 1:250,000 soil maps and 1:50,000 forest stratum maps. Where multiple specimens had been collected from the same soil type in one lo-J For Sci 28(3), [158] [159] [160] [161] [162] [163] [164] [165] [166] [167] [168] [169] cality (corresponding to a 2x2 km grid cell on a map of Sabah), only one sample was included in the analysis to reduce sampling bias (Hijmans et al. 2000) . Conversely, collections from more than one soil type within a 2x2 km grid cell were included as independent items of data for constructing species distributions.
The ecological niche models were developed using bioclimatic, altitudinal and edaphic variables as outlined in Maycock et al. (2012) . Bioclimatic data for Sabah at 30 arc seconds (-1 km 2 ) resolution were obtained from WorldClim (www.worldclim.org). Shuttle Mission Radio Telemetry altitudinal data at three arc-second resolution (-90 by 90 m) were obtained from the CGIAR-CSI GeoPortal (srtm.csi.cgiar.org). The slope of the terrain was calculated from the altitudinal data using ArcView 3.3. GIS shapefiles of soil association, landform, soil suitability and soil parent material digitised from the Soils of Sabah maps (Acres et al. 1975) were obtained from the Sabah Forestry Department. The shapefiles were converted to ESRI ASCII grid format using ArcView Spatial Analyst. All spatial data were on the WGS84 projection. As the edaphic variables are categorical and cannot be aggregated into larger mapping units, it was necessary to set the grid size to the smallest common size of 6 arc seconds (-0.04 km 2 ). We ran 100 replicated runs of MAXENT on the locality data with 10,000 background points randomly selected per run (Phillips et al. 2006) . The average predicted distribution from 100 replicated runs of MAXENT was used as an estimate of the total historic distribution of each species.
Field surveys
We used the preliminary niche models and satellite images to develop a prospective sampling strategy for both species (Cayuela et al. 2009 ). Sites where the target species was predicted to be either present or absent were selected, although the number of sites surveyed and selection of the sites was also constrained by the availability of natural forest. For D. Ochraceus, surveys were conducted at 17 sites covering four soil associations and between 430 and 1900 m asl (Appendix 1). For D. lamellatus, as there is little natural lowland forest remaining in the southwest of Sabah, we were restricted to five survey sites on three soil associations at altitudes between 10 and 350 m asl (Appendix 1). At these sites we walked transects of between 0.25 and 4.5 km length and approximately 50 m wide, and conducted inventories of all dipterocarps species. The sites were then classified into false and true positives and negatives depending on whether we encountered the target species or not. At sites where we encountered the target species, detailed surveys were conducted to obtain an estimate of the size of the population, and the position of all trees greater than 40 cm dbh were GPSed.
Seedling recruitment during a general flowering event
During the general flowering event in 2010 we resurveyed all adult trees of Dipterocarpus ochraceus for signs of flowering. The flowering trees were revisited at the end of the seedfall (October 2010) and four 4 m 2 seedling plots established under each tree that had flowered following the procedure outlined in Maycock et al. (2005) . For Dipterocarpus lamellatus, we surveyed an area of approximately 0.78 ha around each tree for signs of recruitment approximately five months after the completion of seedfall (February 2011).
Conservation assessments
The new collection localities were combined with the herbarium data to develop a second generation niche model following the procedure outlined above. We then estimated the species geographic range based on the preliminary and revised models and compared the range-overlap using ENMTools 1.3 (Warren et al. 2008; . Estimates of range overlap range from 0 to 1, with 1 representing perfectly overlapping models (Warren et al. 2010) .
The false positive data obtained during the field surveys were used to generate filters to remove the over-predictions by the model (Solano and Feria 2007) , and a constrained prediction of the distribution of D. ochraceus was generated. The filters excluded all areas higher than 950 m asl and areas on the western and northern parts of the Kinabalu Park. A current land use map was overlaid on the preliminary, revised and constrained predicted distributions and an estimated percentage habitat loss determined as outlined in Maycock et al. (2012) . Due to the localised predicted distribution and the lack of sites still retaining forest, we could not develop filters for D. lamellatus, so our comparison was 
Results
Ground-truthing and comparison of models
The preliminary ecological niche model for D. lamellatus predicted only three of the five sampling areas successfully, with one false positive and one false negative (Table 1 ). The range comparison between the preliminary and revised model was 0.47. However, the limited overlap between the models did not lead to a large difference in the estimates of habitat loss, which were 99.6 and 98.0%, respectively for the preliminary and revised ecological niche models (Fig.  2) .
In contrast, there were large differences in the estimates of habitat loss between the preliminary (27.1%), revised (45.1%) and constrained (68.9%) ecological niche models for D. ochraceus. The estimates of area occupied by D. ochraceus varied from 78 km 2 for the constrained model to 488 km 2 for the revised model (Fig. 3) . The preliminary ecological niche model for D. ochraceus predicted nine of the 17 sampling areas successfully, with five false positive and three false negatives (Table 1 ). The range comparison between the preliminary and revised model was 0.39.
Conservation assessments
Approximately 98% of the area that Dipterocarpus lamellatus was predicted to have previously occupied in Sabah (350 km 2 ) has been converted to alternative land uses (Fig.  2B) . Ground surveys have located only three mature individuals within the Sianggau Forest Reserve, with no signs of seedling recruitment (Table 2 ). Based on the small number of individuals and the amount of habitat loss we classify this species as Critically Endangered A2c, C1ai+aii, D1.
Dipterocarpus ochraceus was predicted to have previously occupied an area of 78 km 2 in Sabah (Fig. 3C ), but approximately 68% of this area has been lost. Ground surveys have located three populations of Dipterocarpus ochraceus. Two of these populations occur within the Kinabalu Park and consist of 41 and 8 individuals, respectively (Table 2 ). Both populations have signs of recent recruitment with an average seedling density of 0.11 and 0.26 seedlings m -2 , respectively. The third population is a small remnant stand of three individuals outside the Hampuan Forest Reserve, with no signs of recruitment. Based on the small area of remaining habitat within the predicted historic distribution we classify this species as Critically Endangered B2.
Discussion
Ground truthing niche models
The low range overlap between the preliminary and the revised models suggests that there were substantial differences in the predicted distribution generated from the two different datasets for both species. These differences may have arisen because the collections represented by the herbarium specimens do not sample the full range of habitats occupied by these species, and/or because the low number of samples was insufficient to generate accurate models. Collection localities for herbarium specimens tend to be clumped around more accessible areas close to towns (Tobler et al. 2007 ). For example, in Sabah over 16% of all the dipterocarp specimens in the Sandakan herbarium are from the Sandakan district, which occupies only about 3% of the state.
The accuracy of the predictions from ecological niche models increases with increasing sample size (Feeley and Silman 2011a) , and this may also contribute to the discrep- ancy between the preliminary and revised niche models in our study. Our preliminary ecological niche models for D. lamellatus and D. ochraceus were generated using two and four collection localities, respectively. These numbers are well below the minimum sample size of 20 collection localities suggested by Feeley and Silman (2011b) , they represent all the known collections for these species at that time. This paucity of data is a problem faced by most tropical countries, as over 90% of tropical plant species are represented by less than 20 collection localities (Feeley and Silman 2011b) . To generate the datasets require to accurately map a species' range requires larger samples sizes and better distributed collecting effort (Feeley and Silman 2011a) .
Both the preliminary and revised models for D. ochraceus include areas on the western side of the Kinabalu Park (Fig.  3A, B) , where our surveys and extensive past surveys highlighted in Beaman et al. (2001) have failed to locate this species. While it is possible that the species does occur in this area, it is more likely that the niche model is over-predicting the distribution of D. ochraceus. This over-prediction leads to substantial differences in estimates of habitat loss and could result in an incorrect threat assessment. Broad scale over-prediction by ecological niche models is a well-recognised problem that is often relatively easy to solve (Solano and Feria 2007) , but finer scale over-predictions present a more difficult problem that can only be addressed by ground-truthing of the model (Cayuela et al. 2009 ).
The ground-truthing of the preliminary models showed that they failed to predict the occurrence of D. lamellatus and D. ochraceus at one and three sites, respectively (Table  1) . These sites occurred on soil associations where the species had not previously been collected. This failure to predict the species occurrence on uncollected habitat is a consequence of the use of categorical edaphic variables during model construction (Maycock et al. 2012) . While preliminary analysis shows that using lower resolution soil information, e.g. the Harmonised World Soil Data, (FAO/ IIASA/ISRIC/ISSCAS/JRC, 2012) reduces the frequency of false negatives, it also leads to a marked increase in the number of false positives because many areas of habitat that is unsuitable for dipterocarps (e.g. Mangroves) are included within the predicted distributions (Nazahatul Anis Amaludin, personal communication).
Ground-truthing of ecological niche models should be an integral step in niche model development and testing (Cayuela et al. 2009 ). However, ground-truthing is time consuming and costly: the field testing of the preliminary niche models developed in this study took 28 field days and cost -USD 4,030 in field allowances and consumables. The estimated number of plant species occurring in Sabah is between 6,000 and 8,000 species, of which at least 800 are endemic to the Sabah (Maycock unpublished data). Therefore it is unlikely that detailed field testing will be possible for the majority of species without the collaboration of industrial partners and the general public. Amateur botanists are already an important source of information for charismatic plant groups e.g. Orchids, Hoya spp. Nepenthes spp., within the State, however, currently there are no State-wide mechanisms to record their observations or to involve them within these conservation programs.
To generate the datasets required to map a species' range accurately, develop quantitative conservation assessments and allow for niche model testing there needs to be an improvement in data access and sharing among different plant researchers within Sabah and Borneo. Currently, a duplicate of all plant collections made in Sabah must be deposited in at least one of the three herbaria in the state, but there is no such requirement to archive ecological plot data and other secondary sources of plant distributional data. One way to centralise these data would be to develop a regional network along the lines of VertNet (Constable et al. 2010) . VertNet is a collaborative network of the vertebrate natural history collections, which collates global vertebrate biodiversity data and provides a publicly accessible database (Constable et al. 2010 ).
Conservation status of Dipterocarpus lamellatus and Dipterocarpus ochraceus in Sabah
Target 12 of the Aichi Biodiversity Targets calls for a halt in the decline in the conservation status of endangered species by the Year 2020 (Secretariat of the Convention on Biological Diversity 2010). Achieving this target will require quantitative assessments that allow for identification of those species most at risk and the areas that are important for their conservation. Without this information, these species and areas cannot be incorporated into the conservation decision making processes, and we risk losing many plant species from Sabah. Target 12 also calls for an improvement in the conservation status of those species most in decline by the 2020 deadline (Secretariat of the Convention on Biological Diversity 2010), which may prove more difficult to achieve for many plant species in Borneo. Dipterocarps, and many other plant families in Borneo, undergo a re-productive phenomenon known as general flowering (Ashton et al. 1988 ). This is a synchronised community-wide reproductive event that occurs at irregular intervals (2 to 7 year), and is often the only time these species recruit successfully (Curran and Leighton 2000) . While there appears to be some association of general flowering with El Niño events, their incidence is largely unpredictable and this makes planning of conservation and restoration activities difficult (Kettle 2010) . Furthermore, vegetative propagation of dipterocarps using cuttings derived from seedlings is possible, but the likelihood of success decreases with the age of the source material (Itoh et al. 2003 ). Hence it might be possible to propagate D. ochraceus from the new seedlings we observed, but the absence of D. lamellatus seedlings (Table 2 ) restricts the options for improving the status of this species and places a greater emphasis on the protection and augmentation of the remaining population.
The only remaining individuals of Dipterocarpus lamellatus in Sabah occur in the Sianggau Forest Reserve, which is a small reserve of approximately 840 ha. Areas of this reserve were burnt during the 1982/83, 1997/98 and 2010 El Niño events, and fire remains a long-term threat to the survival of this species. To ensure persistence of this species, restoration of the Sianggau Forest Reserve must be given a high priority. Much of the Sianggau FR is currently dominated by pyrophytic species such as Acacia mangium, Dicranopteris spp. and Imperata cylindrica. Previous work has shown that the presence of these species increases the reoccurrence of fire (Cohen et al. 1995) . A forest restoration strategy that leads to development of a multi-layered canopy would reduce the incidence of fire and lead to an improve likelihood of the survival of D. lamellatus. The small number and low density of D. lamellatus found within this reserve also raises some concerns about the long-term viability of the population in Sabah. Further surveys within the Sianggau reserve are required to locate any other individuals of D. lamellatus.
Species restricted to a single forest reserve are likely to be more vulnerable to extinction due to the consequences of small population size and stochastic factors (Purvis et al. 2000) , and thus the establishment of additional populations in new sites is required. The ecological niche model suggests that suitable habitat is available in the low elevation portion of the Sipitang Forest Reserve (Fig. 2B ). This area is currently under industrial tree plantation, but by working with Sabah Forest Industries Sdn Bhd (SFI), the concessionaire, it may be possible to conduct restoration plantings of this species. However, this will be dependent on the availability of suitable planting material as discussed above.
Apart from Sabah, Dipterocarpus lamellatus has been collected previously from Ladan Hills in Brunei Darussalam, although currently there is no information on whether this species still occurs in that area, or the size or viability of the population. If the species still occurs in Brunei Darussalam, there needs to be some consideration of managing these two populations as a metapopulation, including the exchange of genetic material among the two populations. While there are some cross-border conservation initiatives in Borneo e.g. Heart of Borneo (Sabah Forestry Department and WWF-Malaysia 2009), there are few examples of on-going cross-border plant species conservation programs and whether this is politically possible remains uncertain. Furthermore, while this may increase the effective breeding size of the population, there is a risk of introducing genotypes that are ill adapted for the local conditions.
While Dipterocarpus ochraceus has suffered a large reduction in its distribution, the two most important remaining population are in the Kinabalu Park, which is strictly protected. The management of the Kinabalu Park has generally been effective in protecting forest environments, although there are signs of fire damage along the eastern border of the Park (Phua et al. 2008) . These fires were initiated by slash and burn agriculture in the areas bordering the Park (Phua et al. 2008) . The long-term survival of D. ochraceus is dependent on reducing the fire risk around the Park, either though integrated fire management and/or by encouraging a switch to commercial tree crops in the areas adjacent to the Kinabalu Park. The availability of suitable habitat to establish other populations of D. ochraceus is fairly limited (Fig. 3C) , as most of the area lost is privately owned land.
Conclusions
Conservation planning requires detailed information on which species are most endangered and where they occur. Currently most tropical plant species are essentially in-J For Sci 28(3), [158] [159] [160] [161] [162] [163] [164] [165] [166] [167] [168] [169] visible to modern conservation tools (Feeley and Silman 2011b) . We require larger sample sizes and more widely distributed collecting effort to ensure more accurately mapped species ranges (Feeley and Silman 2011a) . To achieve this we need closer collaboration and data sharing amongst tropical plant researchers and an expansion of collection effort.
The conservation of D. lamellatus and other critically endangered plant species in Sabah and Borneo requires the identification of those species most at risk and the ability to take advantage of general flowering events. Kettle et al. (2011) highlighted that opportunities for plant conservation in Borneo provided by the 2010 general flowering were missed because of a lack of resources, combined with a poor understanding of those plant species most at risk. Consequently, the opportunity to improve the conservation status of the many plant species in decline in Sabah and Borneo was also missed. Whether another general flowering will occur before the 2020 deadline is not known, but without the quantitative assessments showing which species are the most highly threatened, information on where these species occur and on-going monitoring programs in place we will lose the opportunities for scaling-up planting programs provided by future general flowering events. 
